We analyze e + e − → γγ, e − γ → e − γ and γγ → e + e − processes within the Seiberg-Witten 
I. INTRODUCTION
Field theories defined on a non commutative(NC) space time have been extensively studied in the past few years. This idea received much attention due to its possible connection with quantum gravity and because of its natural origin in string theories. Infact Seiberg and Witten[1] described how NC gauge theory can emerge as a low energy manifestation of string theory.
However the original idea was considered long time ago when non commutativity of Minkowski Space-time was assumed as a natural extension of Heisenberg's positionmomentum non commutativity in quantum mechanics. In early work of Snyder [2] the non commutativity of space time was suggested as a possible cure for ultraviolet divergences in Quantum field theory(QFT). However this viewpoint was largely ignored mainly because at that time the renormalization techniques in QFT met great success predicting quite accurately the numerical values for physical observables in quantum electrodynamics(QED).
This field got renewed attention in 2000 after the work of Seiberg and Witten [1] . They showed that the dynamics of open strings ending on D-branes in a background field can be described by a non commutative quantum field theory(NCQFT). They also gave the explicit mapping between NC and ordinary gauge theories which is famously known as the SeibergWitten Map(SWM). This mapping in turn emerged as the roadmap for investigation of the gauge theories like Standard Model in non commutative space time.
Parallel to this development another approach, based on the Moyal-Weyl (MW) star product Eq.(2), also became popular. It was very soon realized that NC field theories constructed via this approach are plagued by the so called UV/IR effect [3, 4] wherein additional divergences appeared in the infrared that were not present in the commutative theory.
Apart from these developments NC theories are also supposed to shed some light on the quantization of space time (i.e. quantum theory of gravity) in the context of string theory. Thus it served as one of the major motivation for the intense activity in this area among string theorists. These ideas may lead to the possibility of making the Standard Model(SM) consistent with quantum gravity. In this context it worth pointing out that that the UV/IR effect plays an important role in determining what the UV theory might be. In other words a high energy theory might show up consequences at low energy which are will within experimental reach. This has been discussed, within the context of MW NC setting, in the works [5] [6] [7] [8] .
Hence keeping in mind the above motivations it is reasonable to examine field theories, and in particular the standard model of particle physics on non commutative space time.
We adopt an approach based on SWM popularized by the Munich group [9] [10] [11] [12] [13] [14] [15] [16] .
The reason why NC collider phenomenology is interesting, comes from the fact that the scale of non commutativity could be as low as a few TeV, which can be explored at the present or the future colliders. This led to a great deal of interest in phenomenology of the NCSM with SWM. Many phenomenological signatures have been studied by different research groups. These works were mainly done [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] with unpolarized beams with leading corrections to SM starting from O(Θ 2 ). However few studies [14, 35, 36] are also done with corrections at the O(Θ) in cross section. Previous studies for processes considered here are often incomplete because O(Θ 2 ) contribution to scattering amplitudes requires Feynman rules to O(Θ 2 ) which were not included, and these terms are known to have intrinsic ambiguities and thus making the calculations indefinite.
In this work we have calculated (O(Θ)) corrections for Compton, pair annihilation and pair production while keeping only one initial beam polarization(e − in Compton and pair annihilation and γ in pair production). We have also taken into account the effect of earth's rotation [37] [38] [39] [40] on observable signals of NC. The effects of Non commutativity is studied on various time averaged observables to determine the magnitude and direction of NC parameter.
We have looked at the possible implications of the NC corrections for phenomenology at the International Linear Collider(ILC) [41, 42] . In addition to e − e + programme, linear colliders also provide a unique opportunity to study γγ and γe interactions at energies and luminosities comparable to initial electron-positron beam. Intense beam of high energy photons can be obtained using Compton backscattering of laser light off the high energy electrons. If these beams become available at future Linear Colliders then it will serve as crucial test of NCQED in the processes we discuss.
The rest of the paper is organized as follows. In section II, we will briefly describe the mathematical description of non commutative space time. In section III, we give the cross section details for the mentioned processes. In section IV, we will present our numerical results. Finally we conclude with a section on our results and a discussion.
II. NON COMMUTATIVE STANDARD MODEL
The idea of non commutative space is the generalization of quantum mechanics in which the canonical position and momentum variables x i , p j are replaced with hermitian operatorŝ x i ,p j which obey the famous Heisenberg commutation relation
So just like the qunatization of Classical Phase space, a non commutative space time coordinates x µ are replaced by the Hermitian generatorsx µ which obeys the NC commutation
where Θ µν is antisymmetric constant matrix with units of (Length) 2 . Thus in general one can consider two cases: first with space-space non commutativity associated with Θ ij , i,j=1,2,3
(known as magnetic components) and second with space-time non commutative related with Θ 0i (electric components).
In field theory context, we realize Eq.(1) by using Moyal-Weyl(MW) ⋆-product, defined
Thus one can construct NC field theories by replacing the ordinary products of fields with the corresponding star products. This replacement affects only the interaction parts and not the free field theory. In case of gauge theories, this approach is only consistent for U(N)
gauge theories and only a single eigenvalue is allowed for the charge operator.
To construct the NC extension of the standard model (SM) [11, 12, 15, 16] , which uses the same gauge group and particle content, or for that matter any other gauge theory, be it abelian or non-abelian, one expands the NC gauge fields in non linear power series of Θ [1, 9, 10]:
At face value it can be seen from the above map that SW approach leads to a field theory with an infinite number of vertices and Feynman graphs thereby leading to an uncontrolled
denotes the electric charge of fermion f.
degree of divergence inturn giving an impression of complete failure of perturbative renormalization. But over the years a number of studies have shown that it is possible to construct anomaly free, renormalizable, and effective theories at one loop and first order in Θ [43] [44] [45] [46] [47] [48] [49] [50] [51] . Before we provide the Feynman rules it must be mentioned that the celebrated IR/UV mixing, discussed in the earlier section, does not exist in the above Θ expanded approach.
Though this is not a drawback in the scales of our interest there do exist certain phenomena that require all orders of the NC parameter be retained. This led to the so called Θ-exact approach, that is from the exact solutions of the SW equations. The phenomenological consequences of this have been explored in [52, 53] .
The above mentioned studies provide confidence in using the using NC SW expanded SM for phenomenological purposes. The Feynman rules for the NCSM have been worked out in [11, 15, 16] and the ones relevant for this work specifically minimal NCSM are given below.
The rules for the 3-point e − e − γ vertex ( Fig.1 ) and the 4-point
and
respectively. Here p in is the incoming and p out is outgoing momentum of fermion at vertex
However here we will work in the massless limit of electron and positron.
III. CROSS SECTIONS IN THE LABORATORY FRAME
In this section we will give the calculational details of our work, first starting from the Compton scattering case.
This process in NCQED proceed at the tree level by the following diagrams (Fig.3) . The first two diagrams also appears in pure QED while 3rd one arises just because of non commutative nature of space time and is a contact interaction.
The Feynman amplitudes for these diagrams with initial e − beam polarization in NCQED are given by expressions:
Here u(p), u(p ′ ) denote the spinor for incoming electron and outgoing electron respec-
are polarization vectors for incoming photon(polarization r) and
) are projection operators for right
and left helicity eigenstates of the electron.
Thus the total amplitude for the above process is given by the expression
The expressions of various T's are given in Appendix A.
It is clear from above expression that interference between SM and NC terms can provide O(Θ) corrections to cross section. However one will have to compensate for the imaginary factor i to get non vanishing O(Θ) correction in cross section. This can be done by taking initial beam polarized which will then generate a factor iǫ µνλσ in Dirac traces and thus will produce non vanishing NC effects at leading order.
Since non commutative parameter is considered as fundamental constant in nature, so its direction is fixed in some non rotating coordinate system(can be taken to be celestial sphere). However the experiment is done in laboratory coordinate system which is rotating with earth's rotation. So one should take into account these rotation effects on Θ µν in this frame before moving towards the phenomenological investigations.
These effects were considered in many previous studies [37] [38] [39] [40] but we shall follow reference [39] . In the laboratory coordinate system, the orthonormal basis of the non ro- tating(primary) coordinate system(î X −ĵ Y −k Z ) can be written as(see Fig.4 )
Here we have used the abberivations c α = cos α, s α = sin α etc. (δ, a) defines the location of experiment with −π/2 ≤ δ ≤ π/2 and 0 ≤ a ≤ 2π. Due to earth's rotation angle ζ increases with time and detector comes to its original position after a cycle of one day so one can define ζ = ωt with ω = 2π/T day where T day = 23h56m4.09053s.
Thus the NC parameter in the Laboratory frame is given by electric and magnetic com-
with
Here (η, ξ) specifies the direction of NC parameter(Θ µν ) w.r.t primary coordinates system with 0 ≤ η ≤ π, 0 ≤ ξ ≤ 2π. Θ E and Θ B are absolute values of its electric and magnetic components with corresponding scales Λ E and Λ B respectively. One in general can probe them separately in different processes.
Using these definitions one can evaluate the various cross section observables with either standard Trace technique or by helicity amplitude method. We follow here the Trace technique and various traces in cross sections are evulated by using the Mathematica Package FeynCalc [54] . The results are cross checked in symbolic manipulation program FORM [55] . Few details of the calculation are given in appendix A.
Thus in the Center of Mass frame (
where θ is the polar angle and φ is the azimuthal angle, with initial beam direction chosen as the z-axis.
The time dependence in cross section enters through the NC parameter Θ which changes with change of angle ζ because of earth's rotation. The final cross section formulae for different cases are given by:
The differential cross section with keeping only incoming electron beam in Right polarized state is given by
wherē The differential cross section with keeping only incoming electron beam in Right polarized state is given by
For Pair Production:
Finally the differential cross section for incoming γ beams in (L, R) state is given by
The pure QED results can be recovered from the above expressions in the Λ E , Λ B → ∞ limit. Since it is difficult to get time dependent data, we average over full day to be compared with the experiment. We will use following cross section observables to examine the effects of non commutativity
where
However in the case of Pair annihilation, final state photons are identical, so one counts all the possible final states by integrating only over 0 < θ ≤ π/2.
The initial phase dependence(i.e. ξ) disappears in time averaged observables and thus one can easily deduce {Θ, η} from them.
IV. NUMERICAL RESULTS
In this section we will provide the numerical results of our investigation. In order to determine { Θ E , Θ B } in laboratory system we studied variation of time averaged and time dependent cross section observables on {ξ, η, Λ}. We fixed the initial beam energy at √ s(= E com ) = 800 GeV. The position of Lab system is fixed by taking δ = π/4 and a = π/4.
The NC corrections in Pair annihilation and Pair creation, the φ dependence only appears in the form of cos φ and sin φ. So non commutative effects can be obtained only in azimuthal angle distribution cross section(dσ/dφ) since they disappear in other observables once we integrate over the full azimuthal angle(0 − 2π). Hence for studying other cross section observables of these two processes we applied a cut of (0 − π) on azimuthal angle φ. Since NC corrections in time averaged cross sections for all three cases are proportional to cos η so their effect becomes maximum at η = 0, π. Also correction is equal and opposite in magnitude for π−η case. Thus polarization of beams is more useful compared to unpolarized case [39] where there is a two fold ambiguity in determination of η for Pair annihilation.
The time averaged total cross section is also sensitive to the |Θ| and η. Thus one can also infer the information about the magnitude of NC parameter by fitting the ( σ T ) curve plotted vs η for different values of NC scale especially around η = 0, π where respectively there is maximum enhancement and deficit for Compton while opposite for Pair annihilation and Pair production.
Hence one can determine {η B , Θ B } from figures pertaining to Compton while {η E , Θ E } can be obtained from the Pair annihilation and Pair production curves without any ambiguity.
B. Time Dependent total Cross section
In order to obtain angle ξ, we have studied the time variation of total cross section vs ωt − ξ with different values of η. If the time variation of total cross section is observed then we can determine the magnitude and direction of { Θ} from the curves in terms of three parameters {Θ, η, ξ}. The {Θ, η} can be obtained by fitting the magnitude and shape of curves while ξ can be determined from the phase of time evolution of σ.
Although ξ can be determined from the time variation of differential cross sections instead of total cross section however one can imagine that to plan such type of experiment needs very large luminosity because we must divide not only the phase space but also the time distribution into many bins, in order to get such dependence.
This completes our discussion for the determination of direction and magnitude of electric and magnetic components ({ Θ E , Θ B }) of NC parameter Θ.
V. SUMMARY AND DISCUSSION
The NCSM is one of the extension for Physics beyond SM with motivations from string theory and quantum gravity. Its phenomenological implications are quite interesting since scale of non commutativity could be as low as a few TeV, which can be explored at present or future colliders.
In the present work we have investigated the TeV scale signatures of NC space-time in 
Here CM denotes the pure commutative part and NC-CM is O(Θ)corrected terms arising due to interference between Commutative and Non commutative part. The various involved T terms are given by
where different Γ Θ terms are given by
Using these expressions one can put the different terms of MM † in form of trace expressions. e.g.
Here
Then these trace expressions can be evaluated using the Mathematica packages like FeynCalc [54] or Symbolic Manipulation programme FORM [55] . In this way one can obtain various cross section observables. 
